Reactions of the urinary bladder of the cat 201 peripheral ends of the cut nervi erigentes causes a maximal isometric contraction.
C alcium a n d blood co ag u latio n B y the late J. Mellanby Green (1887) was the first to show th at " calcium sulphate is instrumental in bringing about coagulation when added to a plasma which shows little or no tendency to clot, and th at coagulation in its absence is almost or quite prevented". In 1890 Arthus and Pages extended these observations and prepared non-coagulable mammalian blood by the addition to it of 0*1 % potassium oxalate, or of 0*15% sodium fluoride.
The part played by calcium in the coagulation of the blood has been the subject of many hypotheses. Pekelharing (1896) assumed that thrombase is a calcium compound of nucleoprotein (prothrombase*) and that the action of thrombase* consists in transferring calcium to fibrinogen and thereby converting it to fibrin. Morawitz (1904) and Fuld (1904) stated th at both calcium salts and thrombokinase were equally concerned in the conversion of prothrombase to thrombase. On Howell's hypothesis (Howell 1925 ) calcium alone converts prothrombase to thrombase. In recent times the original view of Pekelharing has been put forward in modified form by Mills (1926) who considers th at thrombase is a complex of calcium, cephalin and prothrombase.
The properties of calcium in plasma and the action of calcium in the generation of thrombase from prothrombase, and (6) coagulation of plasma by thrombase, have been investigated, and the results are presented in this paper.
E x per im en ta l methods
The plasma used in many of the experiments was prepared from cockerel's blood by the method described by Delezenne (1897). As a test solution for thrombase, oxalated ox plasma (containing 0-2% potassium oxalate) was used. The prothrombase and thrombase preparations were made by the methods previously described by Mellanby (1930 Mellanby ( , 1933 . In many of the experiments, the dried venom of Russell's viper ( russellii) was used as the source of the thrombokinase. This venom con tains a remarkably potent thrombokinase of which 0-005 mg. coagulates 1 ml. of fowl plasma in 1 min., whilst it has no action on oxalated fowl plasma. The potency of the venom as a source of thrombokinase makes it preferable to tissue extracts in quantitative work.
Calcium was estimated by the method of Kramer and Tisdall (1921) .
R esults
Calcium in serum and plasma
It is generally held th at serum and plasma have approximately the same concentration of calcium. On the other hand, Stewart and Percival (1928 a) found that the calcium value of plasma was 10-20% greater than th at of serum. Possibly when the serum is expressed from coagulated blood, the corpuscles may adsorb calcium during the time required for the separation. Alternatively the preparation of plasma from blood by the use of anticoagulants such as heparin may upset the calcium equilibrium when coagulation is effected by the required agent. The use of stable plasma from fowl blood is free from both of these objections. Four ml. of fowl plasma were coagulated by the addition of 0-01 mg. of Daboia venom.
The calcium content of the original plasma and the serum expressed from the coagulated plasma were: plasma, 10*7 m g.%; serum, 10-6 mg. %. These figures are identical within the limits of experimental error.
Calcium in the formation of fibrin from fibrinogen
The identity of the calcium figures for plasma and serum indicate th at calcium does not combine with fibrinogen in the formation of fibrin, a view which is in accord with the observation th at a calcium-free thrombase solution actively coagulates plasma containing 0-2% calcium oxalate. It is possible, however, th at apart from entering into specific combination with the interacting substances, calcium accelerates the action of throm base on fibrinogen. This possibility was investigated on fowl plasma.
The relation of calcium to the coagulation of 'plasma by thrombase.
The first series of experiments was made on fowl plasma to which varying quantities of oxalate had been added. After 30 min. a constant quantity of thrombase was added to each tube and the times of coagulation noted (see tab le 1). Table 1 Throm base Coagulation Plasm a h 2o n /40K 2Ox 
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In a second series of experiments fowl plasma was dialysed against distilled water and the calcium reduced thereby from 10-8 mg. % to 3 mg.%. The precipitated fibrinogen was put into solution by the addition of sodium chloride (0-5%). Varying quantities of calcium chloride were then added, and after 30 min. a constant quantity of thrombase was added to each tube as before. The following results were obtained (table 2): Table 2 Dialysed Throm base Coagulation plasm a n /1 NaCl h 2o n /40 CaCl2 The results with dialysed plasma correspond to those observed with oxalated fowl plasma, viz. the time of coagulation by thrombase is reduced by calcium. The effect however is very small.
In this series of experiments it was observed th at the coagulum formed by thrombase in the presence of calcium was much firmer than that produced in the absence of calcium. Possibly the properties of fibrin are determined to some extent by the presence of ionized calcium in the medium.
3.

The state of calcium in the plasma
The discovery of Rona and Takahashi (1911, 1913) th at calcium is present in serum in two forms, diffusible and non-diffusible, is now accepted. In the course of this work it was necessary to extend these observations to plasma.
(а) The calcium content of dialysed fowl plasma.
Dialysis against distilled water of fowl plasma contained in a collodion tube reduced the calcium content of the plasma from 10-8 mg. % to 3-0 mg. %. Thus 72 % of the total calcium was diffusible, whilst 28 % was nondiffusible. Precisely similar results were obtained with serum derived from this plasma. One ml. of the original plasma was coagulated by 0-1 ml. of a thrombokinase solution in 75 sec. After dialysis, the addition of thrombokinase did not produce coagulation in spite of the presence of 3 mg. % of calcium. Dialysis, however, takes a considerable time to come to com pletion, and although the fowl plasma did not coagulate during dialysis, and the precipitated fibrinogen, when redissolved by sodium chloride, produced normal coagulation with thrombase, it was nevertheless felt that some more rapid experimental process would give more reliable results.
(б) The precipitation of calcium from fowl plasma by varying quantities of ammonium oxalate-coagulation by thrombokinase.
Varying quantities of ammonium oxalate were added to fowl plasma. The quantities of calcium precipitated and remaining in solution were estimated. The results obtained are set out in table 3. For the sake of clearness the added oxalate is expressed in terms of calcium equivalents.
The results are expressed graphically in figure 1. The differentiation of the calcium into two forms is well brought out by the shape of the curve. Of the 11-8% calcium contained in the original plasma, 9 mg. % were precipitated from the solution by a slight excess of ammonium oxalate, whereas the remaining 2*8 mg. were precipitated only by a large excess of the precipitant. The subsequent experiment shows th at these two forms of calcium bear entirely different relations to the coagulation of fowl plasma by thrombokinase. 9 9 42 9-6 2-2 9 9 48 9-7 2 1 9 9 1000 11-8 0
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calcium -coagulation timetable 7 -• ----
Ca present (mg. %)
To each 1 ml. of the above fluid after removal, by centrifugalization, of the oxalate precipitate, 0-1 ml. of thrombokinase was added. The coagula tion times are given in the fourth column of table 3. It will be seen that removal of half the total calcium reduced the coagulation time only from 40 sec. to 95 sec. By comparing these coagulation times with figure 1, it will be seen th at the disappearance of the capacity to coagulate on the addition of the thrombokinase corresponds to the critical point A, i.e. the point at which all the calcium readily precipitated by oxalate (9 mg. % in this case) has been removed from the plasma. If this is so, the presence of 0-4 mg. % ionized calcium in the plasma suffices for the coagulation to be produced on the addition of thrombokinase in about 6 min. After the entire precipitation of this calcium, no coagulation took place within 1 hr. of the addition of thrombokinase.
These results confirm those stated above. I t is therefore evident th at when its calcium content is reduced to 3 mg. %, either by removal of the fraction readily precipitated by oxalate, or by dialysis, fowl plasma is no longer coagulable by thrombokinase.
(c)
The coagulation of diluted fowl plasma by thrombokinase.
The form of the curve, relating the precipitation of the labile calcium with the amount of oxalate used, suggests th at the added oxalate may associate itself with the proteins of the plasma. To this extent, therefore, the previous experiment may give erroneous figures concerning the amount of calcium required in plasma for coagulation to be induced by thrombo kinase. The problem was therefore investigated by determining the degree to which plasma may be diluted with water and still retain the power to coagulate on the addition of thrombokinase. Globulin is not precipitated from fowl plasma on dilution with water. The results are given in These figures indicate th at a reduction of the total calcium to 0-67 mg. % and therefore of the ionized calcium to less than 0-3 mg. % (experiment *) still allows coagulation to be produced in 7 min. after the addition of thrombokinase. They confirm the suggestion th at a soluble oxalate inter feres with the coagulation of the plasma not only by precipitating the calcium but also by associating with the plasma protein. I t has been shown above that to prevent the coagulation of plasma by thrombokinase soluble oxalate equivalent to three times the total calcium present must be added, and that even in the presence of this excess of oxalate, 3 mg. % of calcium is not precipitated. To determine whether this effect was in any way due to the association of prothrombase with calcium the following experiment was carried out.
A solution of prothrombase (0T %) and calcium chloride (calcium = 8*9 mg. %) was made up. The amounts of calcium thrown down from portions of this solution by varying quantities of ammonium oxalate were estimated and are set out in table 6.
It will be observed that the quantity of ammonium oxalate required to precipitate the calcium completely was twice the equivalent of the calcium present.
Vol. 128. B.
Ca equivalent T a b l e 6
Ca Ca in of added oxalate p recipitated solution 0 0 8-9 8-9 7-6 1-3 2 x 8 -9
8-8 0-1 3 x 8 -9 8-9 0 Figures indicate mg. %
(c)
The precipitation by oxalate of calcium from aqueous s
Since the above figures showed th at more than one equivalent of oxalate was required to precipitate completely the calcium from a prothrombase solution, an experiment was carried out to determine whether a similar fact held true for calcium dissolved in water. Varying quantities of am monium oxalate were added to portions of a solution of calcium chloride in water of the same strength as th at in the preceding experiment. E sti mation of the calcium precipitated gave the results set out in table 7.
T able 7
Ca equivalent Ca Ca in of added oxalate precipitated solution 0 0 8-9 8-9 7-8 1-1 2 x 8 -9 8-9 0
Figures indicate mg. % I t is evident th at the precipitation of calcium from water by oxalate is precisely the same as the precipitation of calcium by oxalate from a pro thrombase solution. Calcium therefore does not associate with the pro thrombase so far as its capacity to be precipitated by a soluble oxalate is concerned.
(d) Precipitation by oxalate of calcium from a prothrombase solution con
verted to thrombase. In this connexion it was of interest to determine whether in the activa tion of prothrombase to thrombase any change took place in the relations of calcium in so far as they could be determined by changes in response to a precipitating oxalate.
A portion of the prothrombase solution containing 8-9 mg. % of calcium, used in the experiment above, was converted to thrombase by the addition of thrombokinase. From the above experimental results it is evident that the calcium takes up no special relation in regard to prothrombase or thrombase as determined by precipitation by soluble oxalate.
(e) The spontaneous conversion of prothrombase to thrombase.
It has been shown elsewhere (Mellanby 1933 ) th at prothrombase pre cipitated by acid from a prothrombase solution, and after centrifugalization left moist at the bottom of a centrifuge tube, is converted into active thrombase within 24 hr. The results indicated th at prothrombase in the presence of water or dilute acid changes into thrombase. To test this suggestion more accurately, 10 mg. of acetone-dried prothrombase was treated with a little dilute sodium carbonate to bring it to a neutral reaction and dissolved in 10 ml. of water. A chemical analysis of this pro thrombase solution showed that no precipitable calcium salt was present. The activity of the prothrombase solution when converted into thrombase by thrombokinase and calcium was such th at 0T ml. coagulated 1 ml. of oxalated ox plasma in 30 sec. The prothrombase was precipitated from 9 ml. of this solution by carbon dioxide and spun in a centrifuge tube. The supernatant fluid was poured off and the precipitate left in the bottom of the tube for 48 hr. At the end of th at time it was dried by means of acetone and then redissolved in 9 ml. of water. The thrombase activity of this solution was such that 0-1 ml. coagulated 1 ml. of oxalated ox plasma in 25 sec., i.e. almost the same as th at of the original prothrombase solution when activated.
Precisely similar results may be obtained when prothrombase powder is redissolved and precipitated by acetic acid or oxalic acid and left to activate. The results do not appear to depend upon the presence of acid, because a dried prothrombase preparation when moistened with water spontaneously activates, although at a slower rate than when precipitated from the solution by acid in a finely divided state. This is possibly due to the difficulty of wetting the dried powder.
The spontaneous conversion of prothrombase is a remarkable pheno menon, because not only does the prothrombase contain no detectable calcium, but also when tested on fowl plasma, it contains no detectable thrombokinase. Thus 1 ml. fowl plasma was not coagulated by 0-5 mg. of prothrombase which when submitted to the procedure described above was converted into a highly active thrombase preparation. Further it may be observed that thrombase differs in its properties from the prothrombase from which it spontaneously arose. Thus thrombase is soluble in water, and is not precipitated from the solution by the addition of acid.
D i s c u s s i o n
The relation of the calcium content of blood to coagulation time has been investigated by Stewart and Percival (19286) . They noted the (spontaneous) coagulation time of fresh samples of ox blood to which varying quantities of sodium oxalate had been added. To samples of serum from the same animal they added corresponding quantities of sodium oxalate and estimated the amount of calcium remaining in solution in each sample. From these experiments and from experiments with sodium citrate and sodium fluoride they concluded th at calcium ions are not neces sary for the coagulation of blood but th at some complex non-diffusible calcium compound must be present to enable blood to clot. Given the advantage of a stable plasma it has been possible in the present experi ments to make observations of a much more direct nature than these. The incoagulability by thrombokinase of fowl plasma from which all but about 3 mg. % of calcium has been removed, either by the addition of oxalate or by dialysis, strongly indicates th at the calcium which is not readily precipitated by oxalate is identical with th at which does not diffuse through a collodion membrane, and th at this calcium plays no part in the process of coagulation.
It is generally stated that about 60 % of the serum calcium is diffusible, but various observers have noted th at the exact proportion of calcium which will diffuse out of serum through a collodion membrane depends upon the conditions under which the process is carried out. Loeb (1924), for example, using human serum showed th at the whole of the calcium is diffusible against 0-8 % NaCl, but that against distilled water 55-75 % only diffuses out at pH 7*4. The proportion of calcium which diffuses from stable fowl plasma against distilled water in 48 hr. (72 %) falls within these limits.
The fact that the calcium partition of fowl plasma is the same as that of fowl serum indicates that the processes of coagulation do not involve any redistribution of calcium in the medium.
Although Howell (1925) had prepared a thrombase free from phos phorus, Mills (1926) suggested that thrombase is a complex of prothrombase, calcium and cephalin. Ferguson (1937) came to the conclusion that whereas fresh thrombase is a prothrombase-cephalin-calcium compound which is inactivated by the removal of calcium, the thrombase later becomes stable and active even when deprived of calcium. However, the results here presented on the precipitability of calcium from water, prothrombase, thrombase and plasma, indicate th at calcium does not combine with prothrombase or thrombase.
These experiments suggest that calcium must be allotted a far less commanding role than Howell claims for it. So far from corroborating the assertion th at calcium alone may activate prothrombase and hence produce coagulation, they indicate th at calcium is much less essential than is thrombokinase to the inception of the train of processes which ultimately result in the formation of fibrin from fibrinogen. Indeed it is probable th at under certain circumstances prothrombase may be activated in the com plete absence of calcium. If this is so then it is possible to meet the serious objection to the orthodox Morawitz-Fuld theory raised by Nolf (1938) , who points out th at oxalate plasma, as discovered by Howell, may be coagulated by the action of a number of substances, of which chloroform is the type. Nolf (1921) brought forward evidence to contradict the state ment that this coagulant action of chloroform is due to the destruction of antithrombosin (antithrombase) which would in turn permit the action on fibrinogen of pre-formed thrombase. It is far more probable th at the chloroform effect is comparable to the effect of trypsin, which in fowl plasma liberates thrombokinase (Mellanby and P ratt 1938) . It is known (Mellanby 1935 ) that a very small quantity of calcium activates prothrom base and produces coagulation even in the presence of a tenfold excess of oxalate, provided the thrombokinase content is high enough. The normal effect of the presence of calcium in blood is merely to accelerate the rate of the reaction, but the reaction itself depends upon the availability of thrombokinase to the prothrombase, and it would appear that chloroform, like trypsin, makes thrombokinase available in the necessary manner.
If calcium can be relegated in this way to a subsidiary position in the scheme of blood coagulation it becomes possible to regard this activation of prothrombase to thrombase by thrombokinase and the activation of trypsinogen to trypsin by enterokinase as analogous processes. The fundamental difficulty in accepting such a point of view has lain in the apparent necessity for the presence of calcium in the former reaction, whereas in the latter it plays no part. Moreover, the activation of trypsinogen by enterokinase is not interfered with even by 1 % potassium oxalate. However, a consideration of the formation of thrombase from prothrombase isolated from the blood suggests th at the difficulty may be largely fictitious. The rapid activation of prothrombase by the venom of Lachesis atrox (Mellanby 1938 ) and the slower spontaneous activation of prothrombase, both in the absence of calcium, emphasize the ability of thrombokinase to dispense with the adjuvant action of calcium in the formation of thrombase. Enterokinase and thrombokinase are called upon to operate under widely different conditions. It is clear that the activation of prothrombase to thrombase may be effected by thrombokinase alone when the conditions are adequate. Incidentally, it may be stated that thrombokinase and enterokinase are entirely different substances. A further striking similarity between the activation of prothrombase and th at of trypsinogen is the form of their respective activation-curves. In each case, the velocity of the reaction is very slow at the beginning but a marked acceleration occurs as the reaction proceeds.
It is possible th at the necessity for the presence of calcium salts when prothrombase is ordinarily activated in the blood is related to the associa tion of fibrinogen with other electrolytes. I t is known th at the solution of fibrinogen in the presence of electrolytes is largely determined by the valencies and charges of the inorganic ions. In this case the calcium ions might be antagonistic to the sodium and potassium ions with respect to the soluble fibrinogen-prothrombase complex, and thus facilitate the action of thrombokinase on the prothrombase. Alternatively, or perhaps in addition, calcium may have some relation to the conditions under which thrombokinase is liberated in the blood.
S u m m a r y
The calcium content of fowl serum is the same as that of plasma. There fore calcium does not combine with fibrinogen in the formation of fibrin.
Calcium has no influence on the rate of coagulation of plasma by throm base. Precipitation of calcium from fowl plasma shows th at only 8-9 mg. % may be readily precipitated by a soluble oxalate. A great excess of oxalate is required to precipitate the remaining calcium. The coagulation of fowl plasma by thrombokinase is prevented when the calcium readily pre cipitated by oxalate is removed. A concentration of calcium ion of less than 0*3 mg. % is required for the coagulation of fowl plasma by thrombokinase.
The rate of activation of prothrombase by thrombokinase is accelerated by the presence of calcium ions. The spontaneous activation of prothrom base in the presence of water, acetic acid and oxalic acid, shows th at the calcium ion increases the rate of the reaction, but is not essential to the reaction.
